The Swi/Snf nucleosome-remodeling complex is recruited by DNA-binding activator proteins, whereupon it alters chromatin structure to increase preinitiation complex formation and transcription. At the SUC2 promoter, the Swi/Snf complex is required for histone eviction in a manner that is independent of transcriptional activity. Swi/Snf travels through coding regions with elongating RNA polymerase (Pol) II, and swi2 mutants exhibit sensitivity to drugs affecting Pol elongation. In FACT-depleted cells, Swi/Snf is important for internal initiation within coding regions, suggesting that Swi/Snf is important for histone eviction that occurs during Pol II elongation. Taken together, these observations suggest that Swi/Snf is important for histone eviction at enhancers and that it also functions as a Pol II elongation factor.
Eukaryotic organisms contain multiple ATP-dependent, nucleosome-remodeling complexes that play critical roles in transcription, histone exchange, DNA replication, double-strand break repair, and other processes that occur on chromatin templates (3, 6, 39, 54) . By mobilizing and sliding nucleosomes along the DNA template, such complexes typically increase accessibility of the DNA to nuclear proteins. As such, nucleosome-remodeling complexes facilitate transcription and other chromatin-dependent processes. In principle, however, nucleosomes can be mobilized to positions that inhibit binding of a gene-specific factor and hence repress transcription.
In addition to sliding, nucleosome-remodeling complexes can also disassemble histone octamers from DNA. In vitro, such histone eviction is stimulated by histone chaperones, such as Asf1 and Nap1 (32) , and acetylated nucleosomes (9) . In vivo, histone eviction is mediated by DNA-binding transcriptional activators bound to their target sites in promoter regions (4, 5, 14, 50, 59) . Histones are also evicted during the process of transcriptional elongation by RNA polymerase (Pol) II, and such eviction is critical for passage of Pol II through the coding region (27, 30, 53, 59) . It is presumed that nucleosome-remodeling complexes directly mediate activator-and elongationdependent histone eviction in vivo, but the specific complexes that perform these functions have not yet been identified.
Saccharomyces cerevisiae Swi/Snf, the first nucleosome-remodeling complex to be described, contains 11 subunits, each of which is required for Swi/Snf function in vivo (57) . The Swi/Snf complex plays a direct role in the mechanism by which DNA-binding activator proteins stimulate transcriptional initiation by Pol II. In vitro, activator proteins directly interact with Swi/Snf (40-42, 47, 61, 62) and drive nucleosome eviction (18) . Activator proteins recruit Swi/Snf to activator-binding sites in vivo (12, 15, 60) . Upon recruitment, Swi/Snf locally alters nucleosome positioning and perhaps other features of chromatin structure (17, 20, 36) , but its effect on nucleosome density has not been determined. Recruitment of Swi/Snf can also facilitate the association of SAGA histone acetylase complexes (12) , and conversely, histone acetylation facilitates association of Swi/Snf to nucleosomes (19) . When artificially recruited to promoters, Swi/Snf stimulates transcription in a manner that depends on the catalytic activity of the complex (29) . Loss of Swi/Snf function reduces activator-dependent recruitment of the basic transcription machinery (12, 31, 37, 49) and hence activator-dependent induction of gene expression in response to appropriate environmental signals.
In addition to its role in transcriptional activation, there is some evidence suggesting the possibility that the Swi/Snf complex may have a role during Pol II elongation. Brg1 and Brm, the catalytic subunits of distinct human Swi/Snf complexes, have been observed in the coding regions of HSP70 and CD44 genes, respectively (2, 11) . Yeast cells lacking Swi/Snf are sensitive to drugs that inhibit Pol II elongation. Swi/Snf also exhibits genetic and physical interactions with proteins that can function as Pol II elongation factors, including Asf1, Spt6, Spt16, and TFIIS (13, 33, 38, 43) .
In this paper, we show that the Swi/Snf complex travels through coding regions with elongating Pol II. Further, loss of Swi/Snf reduces initiation within coding regions that is observed in FACT-depleted cells, suggesting that Swi/Snf is important for histone eviction during Pol II elongation. We also find that Swi2 is necessary for the activator-dependent histone eviction from the SUC2 promoter that is independent of transcriptional activity.
MATERIALS AND METHODS
Yeast strains. The strain expressing Swi2-18xMyc (15), asf1 and spt16-197 mutant strains (33, 52) , and isogenic wild-type, swi2, and suc2::⌬TATA mutant strains (20) have been previously described. The strains expressing Swi3-and Snf11-18xMyc were made in JDY51, an FT5 strain background, as previously described (15) , and verified by Western blotting for the tagged protein. Occu-pancy of histone H2B was monitored with a strain expressing FLAG-tagged histone H2B (46, 53) . The swi2 null mutant was made via one-step gene replacement with a KanMX cassette or URA3 gene and phenotypically tested (significant growth defect and poor growth on galactose). The GAL1-YLR454 strain has been previously described (35) , and the GRE2-YLR454 construct has 900 bp of the GRE2 promoter proximal to the YLR454 coding region. GAL1-YLR454 and GRE2-YLR454 strains were constructed via one-step integration. The relevant genotypes of all newly made strains were verified by PCR.
Media. All strains were grown in yeast extract-peptone (YP) containing 2% carbon source, except for the GAL1-YLR454 and GRE2-YLR454 strains, which were grown in medium containing 2% carbon source and Casamino Acids. For GRE2 induction experiments, cells were osmotically shocked with 0.4 M NaCl. For the galactose-to-glucose shifts, cells were removed from medium containing 2% galactose by rapid centrifugation and then quickly resuspended in new medium containing 2% glucose. For MET repression, cells were grown overnight in synthetic complete medium lacking methionine (activating conditions) and repressed by the addition of 5 mM methionine. For the heat shock experiments, cells were grown overnight in YP-dextrose (YPD) at 30°C and then heat shocked at 39°C. For SUC2 induction experiments, cells were grown overnight in YPD, washed once in H 2 O, and resuspended in YP containing 0.05% glucose. For GAL1-YLR454 experiments and experiments with swi2 mutants, cells were grown overnight in media containing 2% galactose and 0.025% glucose. Glucose was then added to a concentration of 4% to repress GAL genes. Plates with nucleotide-depleting drugs are YPD containing 45 g/ml mycophenolic acid (MPA) or Casamino Acids lacking uracil plus 100 g/ml 6-azauracil (6-AU). Cells were grown on YPD with or without MPA or Casamino Acids lacking 6-AU for 2 days and grown on Casamino Acids plus 6-AU for 5 days.
Chromatin immunoprecipitation. Chromatin immunoprecipitation was carried out with a modified version of a procedure described previously (28) . Cells (A 600 of 0.7) were fixed in 1% formaldehyde for 20 min at room temperature, quenched for 5 min with glycine, and lysed with zirconia-silica beads (BioSpec Products) in a mini-bead beater (BioSpec Products). Chromatin was first pelleted by centrifugation and then solubilized by sonication (Branson sonifier 350, two times, 100% duty, power setting of 5, 30 s for each cycle). Cross-linked chromatin was immunoprecipitated with monoclonal antibodies to the Myc epitope (9E10; Upstate), Rbp1 (8WG16; Covance), or FLAG epitope (Sigma anti-FLAG M2) or with polyclonal antibodies to histone H3 (Abcam). Quantitative PCR analyses were performed in real time with an Applied Biosystems 7700 or 7000 sequence detector. Percent immunoprecipitation efficiency was determined by dividing the amount of PCR product in the immunoprecipitated sample by the amount of PCR product in the input sample and corrected for a dilution factor. Relative occupancy values were calculated by dividing the percent immunoprecipitation efficiency of the target DNA by the efficiency of an intergenic region of chromosome I, which was usually defined as 1.0. For all data shown, each experiment was performed independently at least twice.
RNA analysis. DNase I-treated RNA was purified with the RNeasy QIAGEN kit, and cDNA was generated with a poly(dT) primer and Superscript III reverse transcriptase (Invitrogen). Real-time PCR was used to quantify cDNA levels using the level of POL1 RNA as an internal control.
RESULTS
The Swi/Snf complex associates with promoters and coding regions of transcriptionally active genes. Using strains expressing Myc 18 -tagged versions of Swi2, Swi3, and Snf11 from their normal chromosomal locations, we examined the relationship between transcription and association of these three Swi/Snf subunits (data for Swi2 are presented in Fig. 1 ; data for Swi3 and Snf11 are presented in Fig. S1 in the supplemental material). To examine GAL transcription, cells were grown in galactose-containing medium (activating conditions) and then shifted into glucose-containing medium (repressing conditions) for 4 minutes. As expected, Pol II association at the GAL promoters and coding regions is virtually eliminated after this brief shift to repressing conditions (Fig. 1A) . Swi2, Swi3, and Snf11 all associate with the GAL1/GAL10 promoters and coding regions during transcriptional activation, and they rapidly dissociate from these regions upon transcriptional repression ( Fig. 1B ; see also Fig. S1A and B in the supplemental material). Similarly, in response to heat shock, association of these three Swi/Snf subunits with the HSP104 and HSP82 promoters and coding regions increases with kinetics similar to the kinetics of Pol II ( Fig Additional examination of a variety of well-expressed genes shows a strong relationship between Pol II and Swi2 occupancy at both promoters and coding regions (Fig. 1G) . Control experiments comparing Myc 18 -tagged Swi2 versus untagged strains verify the association of Swi2 at these regions (Fig. 1H) . Thus, the Swi/Snf complex associates with both promoters and coding regions in a manner that correlates with Pol II association and the transcriptional status of the gene.
The Swi/Snf complex travels with elongating Pol II. We addressed whether Swi/Snf travels with elongating Pol II using a modified version of a procedure that kinetically monitors the first wave of Pol II transcription (34, 35, 53, 55) . Using a gene in which the large (8-kb) YLR454 coding region is controlled by the osmotically inducible GRE2 promoter (48), we determined the level of Swi2 and Pol II association at various positions within the YLR454 coding region following addition of NaCl. In the YLR454 coding region, the patterns of Swi2 and Pol II occupancy are indistinguishable during the first wave of Pol II transcription ( Fig. 2A and B) , indicating that Swi/Snf travels with elongating Pol II.
The Swi/Snf complex is necessary for normal levels of Pol II occupancy at promoters and coding regions. Whole-genome microarray analyses comparing RNAs in wild-type and swi/snf mutant strains have indicated positive and negative effects on gene expression for a relatively small proportion of genes (21, 56) . However, due to normalization of the samples to total RNA, effects on RNA stability, and difficulty in measuring subtle effects on microarrays, these transcriptional profiling experiments do not address the possibility that Swi/Snf has a general effect on Pol II transcription. To address this possibility, we examined Pol II occupancy in a wild-type or swi2 null mutant strain. In two different strain backgrounds, there is a statistically significant decrease in Pol II occupancy at promoters and coding regions in the swi2 mutant compared to the wild type (Fig. 3) . This decrease in Pol II association is not due to the reduced growth rate of swi2 mutant strains, because Pol II association is unaffected in wild-type cells grown in a nonoptimal carbon source, which results in a comparable reduction in growth rate (53) . Thus, in addition to its selective transcriptional effects and its importance in activator-mediated transcription, Swi/Snf has a general role in Pol II transcription.
The Swi/Snf complex is necessary for histone eviction at the SUC2 promoter. Transcriptional activator proteins are associated with histone eviction at promoter regions (4, 5, 14, 26, 50) , but the factors responsible for such histone eviction have yet to be identified. Swi/Snf causes activator-dependent changes in chromatin structure, and it is important for histone deposition at the PHO5 promoter upon cessation of activation (51) . We therefore examined Swi2 and histone occupancy at the wellcharacterized Swi/Snf-dependent SUC2 promoter in cells grown overnight in YPD (repressing conditions) and shifted into YP with limiting amounts of dextrose (activating conditions).
As expected, activation results in recruitment of Swi2 (Fig.  4A ) and decreased H2B and H3 occupancy ( Fig. 4B and C) at the SUC2 promoter region. Importantly, there is a significant defect in H2B and H3 eviction in the swi2 mutant strain ( Fig.  4B and C) . Histone eviction in a strain deleted for the SUC2 TATA region occurs as efficiently as in the wild-type strain (Fig. 4B ), indicating that it is independent of transcription and recruitment of general initiation factors and Pol II. Thus, the Swi/Snf complex is necessary for activator-mediated eviction of histones at the SUC2 promoter during induction in vivo.
The Swi/Snf complex is important for growth in the presence of elongation inhibitors, but not for Pol II elongation rate. Treatment of yeast cells with the nucleotide-depleting drugs 6-AU and/or MPA results in a reduced rate of Pol II elongation and decreased processivity (34) . Sensitivity to 6-AU and MPA is observed in cells lacking a variety of elongationrelated factors, and a screen of the yeast deletion collection identified a swi2 strain as hypersensitive to these drugs (16) . We confirmed hypersensitivity of swi2 strains to 6-AU and MPA in three different strain backgrounds (Fig. 5A) .
Given the hypersensitivity of swi2 mutants to 6-AU and MPA and the requirement of TFIIS for viability in a swi2 mutant background (13), we examined whether the Swi/Snf complex affected the rate of Pol II elongation in vivo. As described previously, the Pol II elongation rate was determined in a strain containing the GAL1 promoter upstream of the large (8-kb) YLR454 coding region. Galactose-grown cells were treated with glucose, and the kinetics of Pol II dissociation at different positions within the YLR454 coding region were monitored during the "last wave" of transcription. Unlike previous experiments, the wild-type and swi2 cells were initially grown in a mixture of 2% galactose and 0.025% glucose, because mutant cells lacking Swi/Snf grow very poorly when galactose is the sole carbon source. The wild-type and swi2 mutant strain behave indistinguishably with respect to the rate of Pol II elongation (Fig. 5B) . Specifically, the time difference between the Pol II decay curves near the promoter and 8 kb downstream are comparable in the two strains. Furthermore, the swi2 deletion strain does not show a defect in Pol II processivity (i.e., lower Pol II density at 3Ј positions compared to 5Ј positions), which is a consequence of a reduced Pol II elongation rate (34) . It should be noted, however, that Pol II dissociation just downstream of the promoter takes about 1 minute longer in the swi2 mutant than in the wild-type strain, and this 1-minute difference persists at more downstream positions in the YLR454 coding region (Fig. 5B ). This observation indicates that the glucose shutoff per se is slower in the swi2 mutant strain, either because of its reduced growth rate and/or some indirect effect on carbon source metabolism. The Swi/Snf complex affects internal initiation and histone density in FACT-depleted cells. As Swi2 exhibits genetic and biochemical interactions with Asf1 and the FACT subunit Spt16 (33, 38) , we examined the effects of Swi2 on histone and Pol II occupancy in asf1 and spt16 backgrounds. As shown previously, Spt16 (25, 35) and Asf1 (52) are important for histone deposition after passage of elongating Pol II and as a consequence, for inhibiting internal initiation from cryptic promoters within coding regions. In accord with these observations, spt16 and asf1 mutant strains display higher RNA levels and reduced histone density at the 3Ј ends of certain genes than observed at the corresponding 5Ј ends (Fig. 6A ). In contrast, the swi2 strain shows equal levels of RNA at the 5Ј and 3Ј ends of these genes, indicating that Swi/Snf is not required to inhibit internal initiation. Interestingly, internal initiation due to the spt16 mutation is suppressed by the swi2 mutation ( Fig. 6B and C) . Furthermore, in comparison to the spt16 single mutant, the swi2 spt16 double mutant exhibits higher levels of histone H3 towards the 3Ј end of STE11, VPS72, and SPB4 (Fig. 6D) . This observation suggests that, in a FACTdepleted strain, Swi2 is important for histone eviction within coding regions.
DISCUSSION
The Swi/Snf complex mediates activator-dependent eviction of nucleosomes in vivo. Nucleosomes are evicted at promoters in a manner that depends on activator proteins (4, 5, 14, 50, 59) . Asf1, the H3/H4 chaperone, is required for activatordependent eviction at the PHO5 and PHO8 promoters in vivo (1), but Asf1-dependent eviction of histones in vitro requires ATP-dependent nucleosome-remodeling complexes (32) . The Swi/Snf (12, 15, 60) and RSC (44) complexes are recruited to promoters by activator proteins, but the roles of such complexes in activator-mediated eviction of nucleosomes have not been described.
Here, we demonstrate that the Swi/Snf complex is necessary for eviction of H3 and H2B, and hence nucleosomes, at the SUC2 promoter. Nucleosome eviction requires conditions of transcriptional activation, but not transcription per se, indicating that it is activator dependent. Although the activator(s) that mediates SUC2 induction is not clearly identified, we presume that Swi/Snf has a direct role in nucleosome eviction, because it is rapidly recruited to the SUC2 promoter in response to activating conditions. Last, we suggest that Swi/Snf is involved in nucleosome eviction by other activators that recruit this nucleosome-remodeling complex to enhancers.
As histone chaperones are required for nucleosome eviction in vitro (32) and Asf1 is important for Pho4-dependent eviction in vivo (1), it seems likely that Asf1 (or another histone chaperone) is important for Swi/Snf-dependent eviction of nucleosomes at the SUC2 promoter. There is no evidence that activator proteins interact directly with Asf1 or other histone chaperones. This strongly suggests that such histone chaperones are "recruited" to promoters by recognizing altered histone-DNA structures generated by the Swi/Snf complex and other nucleosome-remodeling activities. Such an indirect recruitment model is analogous to our previous suggestion for how Asf1 is important for histone eviction and deposition during transcriptional elongation by RNA Pol II (52) .
In addition to its role in histone eviction, the Swi/Snf complex is necessary for histone deposition at the PHO5 promoter that occurs when cells are transferred to noninducing conditions (51) . This seems paradoxical, in that Swi/Snf association with the PHO5 promoter is correlated to activation. Perhaps, the role of Swi/Snf in histone deposition occurs during the transition between inducing and noninducing conditions, when intermediate (and gradually decreasing) levels of Swi/Snf would be predicted to be associated with the PHO5 promoter. Alternatively, the role of Swi/Snf might not be connected to activator-mediated recruitment, but rather to its nonspecific and genome-wide activity.
Evidence that the Swi/Snf complex is a Pol II elongation factor. Pol II elongation is mechanistically linked to posttranscriptional processes, such as 5Ј-end capping, splicing, 3Ј-end formation, polyadenylation, and nuclear export. As a consequence, many proteins travel with elongating Pol II throughout mRNA coding regions. Here, we show that in addition to its ability to be recruited to promoter regions by activator proteins, Swi/Snf also travels with elongating Pol II throughout mRNA coding regions. There are two possible mechanisms by which Swi/Snf travels with Pol II. First, Swi/Snf might associate FIG. 5 . swi2 mutants are sensitive to drugs that inhibit Pol II elongation, but they exhibit wild-type rates of Pol II elongation. (A) Wild-type or swi2 mutant cells in the BY4741, FY120, and FY406 Flag-tagged H2B backgrounds were grown on YPD with (ϩ) or without (Ϫ) 45 g/ml MPA or on Casamino Acids lacking uracil with or without 100 g/ml 6-AU. (B) Pol II occupancy at the indicated regions of GAL1-YLR454 in wild-type and swi2 mutant strains subject to a glucose shift for the indicated times. Data were divided by the value for the control open reading frame (ORF)-free region, the 8-min (background) value was subtracted from each time point, and the time zero value was set at 1.
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with Pol II, either directly or indirectly by associating with one or more of the many factors that travel with elongating Pol II (e.g., FACT, Paf complex, Spt6, and TREX). In this regard, Swi/Snf has been reported to associate with a Pol II "holoenzyme" (58) , although this result is controversial. Alternatively, as proposed for the histone chaperone Asf1 (52), Swi/Snf might recognize distorted chromatin that arises during the process of transcriptional elongation and permits passage of Pol II. In this view, Swi/Snf would dissociate from the mRNA coding region upon passage of Pol II and restoration of normal chromatin structure.
As is the case for many factors that travel with elongating Pol II (34), the Swi/Snf complex does not detectably affect either the Pol II elongation rate or processivity. However, a key feature of Pol II elongation in vivo is the dynamic cycle of nucleosome eviction and deposition that permits passage of Pol II and then restores normal chromatin structure. Proteins that travel with elongating Pol II and affect this dynamic cycle of histone eviction and deposition play a direct role in Pol II elongation and can be considered elongation factors. Thus, Asf1, Spt6, and FACT behave as elongation factors, because loss-of-function mutations cause decreased histone deposition and internal initiation within coding regions in vivo (8, 24, 25) . Importantly, we show that Swi/Snf is important for internal initiation observed in cells depleted for the Spt16 subunit of FACT. Furthermore, the spt16 swi2 double mutant exhibits higher H3 occupancy towards the 3Ј end of genes than the single spt16 mutant does. While we cannot exclude the formal possibility that Swi/Snf inhibits histone deposition, these results suggest that Swi/Snf is important for histone eviction within coding regions in a FACT-depleted background.
Pol II elongation on chromatin templates is virtually blocked by nucleosomes or histone H3/H4 tetramers (10, 22, 23) , strongly suggesting that histone eviction is required for transcriptional elongation. As ATP-dependent nucleosome-remodeling complexes (together with histone chaperones) are the major (and perhaps only) biochemical entities capable of histone eviction, it is likely that they are essential for Pol II elongation. Our results provide strong evidence that the Swi/ Snf complex plays a role in Pol II elongation via its effects on histone eviction. However, cells lacking Swi/Snf grow (albeit less well than wild-type cells), do not display a defect in Pol II elongation rate, and have only a modest effect on histone density. These observations strongly suggest that histone eviction during Pol II elongation is also mediated by other nucleosome-remodeling complexes (and perhaps other factors). The RSC complex is an attractive candidate in this regard, because it is the only nucleosome-remodeling complex essential for yeast cell growth (7) . However, genome-wide analysis did not reveal a relationship between RSC occupancy and Pol II transcription (44), whereas such a relationship was observed in a comparable analysis with Set1 histone methylase (45) . The relative contributions of the multiple nucleosome-remodeling complexes to histone eviction during Pol II elongation remain to be determined.
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